We extend the visible content of the standard model (SM) with a hidden sector composed of three right-handed singlet neutrinos and one singlet Higgs. These extra singlets are charged under a new U (1) X gauge symmetry while the SM particles are not. Two heavy scalar doublets are introduced to play the role of the messengers between the visible and hidden sectors. The neutrinos naturally acquire tiny Dirac masses because the ratio of weak scale over the heavy messenger masses is highly suppressed. Furthermore, the heavy messengers simultaneously generate baryon asymmetry of the universe through their out-of-equilibrium CP-violating decays.
We extend the visible content of the standard model (SM) with a hidden sector composed of three right-handed singlet neutrinos and one singlet Higgs. These extra singlets are charged under a new U (1) X gauge symmetry while the SM particles are not. Two heavy scalar doublets are introduced to play the role of the messengers between the visible and hidden sectors. The neutrinos naturally acquire tiny Dirac masses because the ratio of weak scale over the heavy messenger masses is highly suppressed. Furthermore, the heavy messengers simultaneously generate baryon asymmetry of the universe through their out-of-equilibrium CP-violating decays. The tiny neutrino masses and the matter-antimatter asymmetry in the universe pose two major challenges to particle physics and cosmology. This indicates the necessity of supplementing to the existing theory certain new ingredients, which have been hidden from the direct experimental observations so far [1] .
PACS
In this paper, we propose a novel Dirac Seesaw model to obtain the tiny neutrino masses and generate the observed baryon asymmetry by extending the visible content of the standard model (SM) with a hidden sector which is prescribed by a U (1) X gauge symmetry and composed of three right-handed singlet neutrinos plus one singlet Higgs. Two heavy scalar doublets are introduced to play the role of messengers between the visible and hidden sectors.
The field content of the proposed SU (2) L ⊗ U (1) Y ⊗ U (1) X model is defined in Table I , where ψ L , φ, ν R , χ, η are the left-handed lepton doublets, the Higgs doublet, the right-handed singlet neutrinos, the singlet Higgs and the heavy scalar doublets, respectively. All other unlisted SM fields are U (1) X singlets. In this Table we have also suppressed the generation indices for simplicity. It is clear that the conventional Yukawa couplings of the left-handed lepton doublets and the right-handed singlet neutrinos with the light Higgs doublet φ are forbidden because the right-handed neutrinos have U (1) X charge while all the SM particles do not. Namely, the sector composed of the right-handed neutrinos and the Higgs singlet is hidden from the visible SM sector. However, the heavy scalar doublets η, which join not only the SM gauge group SU (2) L ⊗ U (1) Y but also the new U (1) X , can bridge the two sectors. In this sense, we may regard the heavy scalar doublets as "messengers".
We can thus write down the relevant interaction Lagrangian for generating the Dirac neutrino masses. It involves the messenger scalars η, the SM-like doublet φ and the singlet scalar χ , where y is the Yukawa coupling. The cubic scalar coupling ρ has mass dimension-1 and is set to be real after a proper phase rotation. From Fig. 2 , we note that at low energy we can integrate out the heavy messengers η and obtain the following effective dimension-5 operator,
where M η denotes the heavy messenger masses. So, once the Higgs fields φ and χ get nonzero vacuum expectation values (VEVs) after the symmetry breaking, the neutri-
The generation of Dirac neutrino masses. Here the family indices have been suppressed.
nos naturally acquire small Dirac masses,
Here φ ≡ v and χ ≡ u represent the scalar VEVs.
From minimizing the scalar potential in Appendix-A, we have also shown that the heavy messengers will acquire tiny VEVs,
The vacuum expectation value χ = u breaks U (1) X and is expected to be nearby the weak scale, so we will set u = O(TeV) . As for the cubic scalar coupling ρ, we consider a reasonable case where ρ is of order M η or less. Under this setup, it is easy to see from Eq. (3) that the Dirac neutrino masses will be efficiently suppressed by the ratio of the weak scale over the heavy messenger masses. For instance, we find that, for M η ∼ 10 14 GeV, ρ ∼ 10 13 GeV and y ∼ O(1), the neutrino masses can be naturally around O(0.1 eV) . It is clear that this new mechanism of the neutrino mass generation has two essential features: (i) it generates Dirac masses for neutrinos, and (ii) it retains the essence of the conventional seesaw [2] by making the neutrino masses tiny via the small ratio of the weak scale over the heavy mass scale, and hence may be called Dirac Seesaw. We further note that the above Dirac-type dimension-5 effective operator (2) does share certain essential features with the traditional Majorana-type dimension-5 effective operator [3] ,
where φ = iτ 2 φ * has hypercharge + 1 2 and C = iγ 2 γ 0 is the charge-conjugation operator. The major difference of the current Dirac Seesaw from the conventional Majorana Seesaw [2] is that the former involves heavy doublet scalar rather than heavy singlet Majorana fermion. After integrating out the heavy fields (either the heavy messenger scalars in the Dirac Seesaw or the heavy right-handed neutrinos in the Majorana Seesaw), we see that the resulted effective dimension-5 operators (2) and (4) share an essential similarity regarding the generation of small neutrino masses.
In the following, we demonstrate how to generate the observed baryon asymmetry within the above Dirac Seesaw scenario. It allows us to make use of the so-called Dirac leptogenesis mechanism [4] . As shown in [4] , since the sphalerons [5] have no direct effect on the righthanded fields, a nonzero lepton asymmetry stored in the right-handed fields could survive above the electroweak phase transition and then produce the baryon asymmetry in the universe, although the lepton asymmetry stored in the left-handed fields had been destroyed by the sphalerons. For all the SM species, the Yukawa couplings are sufficiently strong to rapidly cancel the stored left-and right-handed lepton numbers. But the effective interactions of the right-handed Dirac neutrinos are exceedingly weak, and the equilibrium between left-and right-handed lepton numbers will not be realized until temperatures fall well below the weak scale. At that time the left-handed lepton number has already been converted to baryon number by the sphalerons. Hence, the leptogenesis [6] could be valid even if the neutrinos are not of Majorana nature [7] . For the SM with three generation fermions and one Higgs doublet, one finds [4] that the final baryon number, which is converted from the lepton number stored in the left-handed leptons, should be
In the Dirac leptogenesis scenario, the requirement of CP violation must be fulfilled in order to generate a baryon asymmetry in the early universe. In the present model, the heavy messengers have two decay processes:
The channels of η → ψ L ν c R and η † → ψ c L ν R could provide the expected asymmetry between the right-handed neutrinos and antineutrinos as long as the CP is not conserved. For the purpose to produce CP-violation, we need at least two such heavy messenger scalars η j (j = 1, 2) to realize the interference between the tree diagram and the irreducible loop correction. Here we minimally introduce two heavy messengers and write down the relevant Lagrangian,
where the summation over the family indices (α, β) is implied. Fig. 3 CP asymmetry for the right-handed neutrinos,
where
Rβ ) is the decay width of η i → ψ Lα ν c Rβ , and so on. Γ i denotes the total decay width of
Note that the second equality in (9) is guaranteed by the unitarity and the CPT conservation. In comparison with the right-handed neutrinos, the left-handed leptons should have an equal but opposite CP asymmetry. After a lengthy calculation, we derive the total decay width and the CP asymmetry, respectively,
where j = i . In the case that the two heavy messengers have hierarchical masses, the final lepton asymmetry comes mainly from the decay of the lighter one. For illustration, let us focus on this hierarchical case. Without losing generality, we will choose η 1 to be the ighter messenger and η 2 the heavier one. Thus, we can simplify the CP-asymmetry as,
where the cubic couplings ρ 1 and ρ 2 are properly defined to be real as mentioned below Eq. (1). The presence of the relative phases between y 1 and y 2 can generate a net lepton asymmetry stored in the right-handed neutrinos via the out-of-equilibrium decay of the lighter messenger η 1 . Subsequently, as long as the transmission between the produced left-and right-handed asymmetries is prevented from coming into thermal equilibrium at least until after the electroweak phase transition, the righthanded asymmetry could be hidden from the sphalerons and then the left-handed lepton number gets converted into the baryon asymmetry. It is reliable to determine the final baryon asymmetry by exactly solving the full Boltzmann equations, which is beyond the scope of the present demonstration and will be presented elsewhere. For convenience, we will adopt the conventional approximate expression for the asymmetry of the right-handed neutrinos [8] :
where s is the entropy density and g * = O(100) is the number of relativistic degrees of freedom in the early universe. The parameter K stands for the ratio of the total decay width of η 1 to the expansion rate of the universe:
19 GeV is Planck mass. It is clear from Eq. (12) that we must have at least two heavy messengers for the ν R − ν c R asymmetry to be nonzero, hence the neutrino mass matrix described in Eq. (3) should be expanded as,
Under the limit of M η 1 ≪ M η 2 and for ρ i M η i , we can neglect the contribution from η 2 in the above equation. Thus, we further derive the neutrino masses as,
where m j (j = 1, 2, 3) are the neutrinos masseigenvalues. B f and B s are the branching ratios of η 1 decaying to the fermions and the scalars, respectively,
We note that B f and B s obey the relationship,
It is convenient to express K as a function of the neutrino masses,
where the quadratic mean m of the neutrino masses is
For illustration below, let us choose,
where δ denotes the relative phase between y 1 and y 2 . So, we can derive the CP-asymmetry from Eq. (12),
For the inputs of B f B s = 1/4 , sin δ = −1, r = 0.1, u = 1 TeV, M η 1 = 1.15 × 10 12 GeV and m = 0.1 eV , we derive the sample predictions, ε R1 ≃ −2.6×10 −6 and K ≃ 16 . In consequence, applying Eqs. (5) and (13), we arrive at, n B /s ≃ 8.7×10 −11 . From this we can deduce, n B /n γ ≃ 7.04n B /s ≃ 6.1 × 10 −10 , which agrees well to the observation [9] , n B /n γ = (6.0965 ± 0.2055) × 10 −10 , where n γ is the current photon number density.
In conclusion, we have presented a new Dirac Seesaw scenario to simultaneously explain the origin of neutrino masses and the generation of baryon asymmetry in the universe. This is achieved by extending the visible content of the SM with a hidden sector which has new U (1) X gauge symmetry and is composed of three right-handed singlet neutrinos and one singlet Higgs. The messages between these two sectors are mediated by the heavy messenger scalar doublets. The heavy messengers can help to highly suppress the neutrino masses and also decay efficiently to provide the baryon asymmetry. Further phenomenological consequences from the hidden sector (including the new gauge boson Z ′ from the broken U (1) X [10] ) are interesting and will be studied elsewhere.
